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The structure of TolB, an essential component of the 
tol-dependent translocation system, and its protein–protein
interaction with the translocation domain of colicin E9
Stephen Carr1,2†, Christopher N Penfold1†, Vicki Bamford1, Richard James1*
and Andrew M Hemmings1,2*
Background: E colicin proteins have three functional domains, each of which is
implicated in one of the stages of killing Escherichia coli cells: receptor binding,
translocation and cytotoxicity. The central (R) domain is responsible for
receptor-binding activity whereas the N-terminal (T) domain mediates
translocation, the process by which the C-terminal cytotoxic domain is
transported from the receptor to the site of its cytotoxicity. The translocation of
enzymatic E colicins like colicin E9 is dependent upon TolB but the details of
the process are not known.
Results: We have demonstrated a protein–protein interaction between the T
domain of colicin E9 and TolB, an essential component of the tol-dependent
translocation system in E. coli, using the yeast two-hybrid system. The crystal
structure of TolB, a procaryotic tryptophan–aspartate (WD) repeat protein,
reveals an N-terminal α+β domain based on a five-stranded mixed β sheet and
a C-terminal six-bladed β-propeller domain. 
Conclusions: The results suggest that the TolB-box residues of the T domain of
colicin E9 interact with the β-propeller domain of TolB. The protein–protein
interactions of other β-propeller-containing proteins, the yeast yPrp4 protein
and G proteins, are mediated by the loops or outer sheets of the propeller
blades. The determination of the three-dimensional structure of the T
domain–TolB complex and the isolation of mutations in TolB that abolish the
interaction with the T domain will reveal fine details of the protein–protein
interaction of TolB and the T domain of E colicins.
Introduction
Colicins are protein antibiotics produced by strains of
Escherichia coli and closely related bacteria. They are clas-
sified into groups corresponding to the cell-surface recep-
tor to which they bind in E. coli cells; for example the
E colicins bind to the BtuB receptor, which is an essential
component of the high-affinity vitamin B12 transport
system [1]. Killing of E. coli cells by E colicins occurs in
three stages: receptor-binding, translocation and cytotoxic-
ity. Commensurate with this, E colicin proteins have three
functional domains, each of which is implicated in one of
the stages. The central (R) domain is responsible for
receptor-binding activity whereas the N-terminal (T)
domain mediates translocation, the process by which the
C-terminal cytotoxic domain is transported from the
receptor to the site of its cytotoxicity. The mechanism of
cytotoxicity of E colicins results from either the formation
of ion channels in the cytoplasmic membrane (colicin E1),
an endonuclease activity that degrades DNA (colicins E2,
E7, E8 and E9), or a ribonuclease activity that specifically
cleaves 16S RNA (colicins E3, E4 and E6) or specific
transfer RNAs (tRNAs) (colicin E5) [2]. The DNase and
RNase type E colicins have been termed the enzymatic
E colicins [1]. The crystal structures of the DNase
domains of colicins E7 [3] and E9 [4] with their respective
immunity proteins have recently been determined. These
are the first structures of members of the HNH family [5]
of homing endonucleases that are found in both procary-
otes and eucaryotes. The HNH endonucleases constitute
one of four classes of homing-endonuclease enzymes that
are encoded by both introns and inteins and promote the
homing of genetic elements into allelic intronless or
inteinless sites [6].
The Group A colicins (colicins A, E1–E9, K, L, N and S4)
use the tol-dependent translocation system [7] whereas
the Group B colicins (colicins B, D, G, H, Ia, Ib, M, Q and
V) use the ton-dependent translocation system [8]. The
tol-dependent translocation pathway is also used for the
uptake of the DNA of filamentous phages. Four gene
products are involved, tolQ, tolR, tolA and tolB, which are
clustered at 17 minutes on the E. coli chromosomal map.
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The TolA, TolB, TolQ and TolR proteins are required to
translocate colicins A, E2–E9 and K whereas only the
TolA and TolQ proteins, along with TolC, are required to
translocate colicin E1. The nucleotide sequences of the
tol genes have been determined and the Tol proteins
have been found to be localized in the E. coli cell enve-
lope (see [1] for a review). The TolQ, TolR and TolA pro-
teins are associated with the cytoplasmic membrane.
TolQ contains three membrane-spanning segments [9].
TolA and TolR are anchored to the cytoplasmic mem-
brane by their N-terminal domains whereas TolB is prin-
cipally located in the periplasm, but is associated with the
outer membrane via an interaction with the peptidogly-
can-associated lipoprotein (Pal) [10]. The roles of the Tol
proteins in the translocation of E colicins are the subject
of intensive experimental study.
The tol-dependent colicins contain a pentapeptide
sequence (DGSGW; single-letter amino acid code) close to
the N terminus, which was originally designated the TolA
box [11], even though there was no experimental evidence
of any interaction with the TolA protein. The involvement
of this pentapeptide sequence in tol-dependent transloca-
tion was investigated by site-directed mutagenesis [12].
Mutation of the two glycine residues to alanine had no
affect on the biological activity of colicin E9, whereas
mutation of any of the other three residues to alanine com-
pletely abolished biological activity. Using in vivo and in
vitro cross-linking experiments an interaction between the
N-terminal 325 residues of colicin E3 and TolB was
demonstrated [13]. This interaction was abolished if the
N-terminal polypeptide of colicin E3 contained the muta-
tion S37F, which is located in the putative TolA box. This
mutation also results in loss of biological activity of the full-
size colicin E3 [14]. This suggests that the TolA box
should rather be designated as a TolB box. Recently,
residues located in the T domain of colicin N that are
required for its interaction with TolA have been identified
[15], but, because of the limited sequence homology, it has
proven difficult to identify a specific TolA-box sequence
in other Group A colicins. The region of the T domain of
colicin A that interacts with TolA has been identified as
being localized between residues 32–107 by deletion sub-
cloning and is thus located distal to the TolB box
(DGTGW) of this colicin, which is located between
residues 11 and 15 [16]. Colicin A is the only colicin that is
known to contain both a TolA and a TolB box.
A detailed understanding of the translocation system
might be of value in the design of novel antibiotics, as
there is evidence that some of the tol–pal genes are
involved in maintaining cell-envelope structure and
integrity [17]. The tol–pal genes are also conserved in
Gram-negative bacteria, suggesting that their physiologi-
cal role is important [18]. The TolB protein is also of
interest as it is essential for mouse-lethal infection by
Salmonella typhimurium [19]. A particularly intriguing
question is the difference between the translocation of
the pore-forming colicins such as A and B, which act on
the surface of the cytoplasmic membrane, and the enzy-
matic colicins like colicin E3 and E9. The ability to
deliver the DNase or RNase domain of an E colicin,
across both the outer and cytoplasmic membranes, into
the cytoplasm of E. coli cells is a unique event in procary-
otic biology and might have potential in the design of
new polypeptide antibiotics. Here we investigate the
protein–protein interaction between the T domain of
colicin E9 with TolB using the yeast two-hybrid system,
and we report the crystal structure of TolB.
Results
Interactions between T(E9) and TolB 
Previous in vitro cross-linking experiments had indicated
an interaction between the N-terminal polypeptides of
colicin A and E1 (but not of E3) with the TolA protein
[20]. In contrast, both in vivo and in vitro cross-linking
experiments showed an interaction between the N-termi-
nal 325 residues of colicin E3 with TolB [13]. The yeast
two-hybrid system has proven to be a valuable technique
in the study of protein–protein interactions [21]. In this
system the two test proteins are fused to either the Gal4
activation domain (AD) or to the Gal4 binding domain
(BD). Interaction between the two test proteins reconsti-
tutes the functional Gal4 transcriptional activator in the
yeast nucleus, leading to expression of a β-galactosidase
reporter gene, which can be assayed qualitatively by re-
streaking colonies onto X-gal-containing plates. In the
initial series of experiments TolB, lacking the N-terminal
23 residues that constitute the signal sequence, was fused
to BD and the N-terminal 164 residues of colicin E9
[T(E9)] were fused to AD. Yeast cultures co-transformed
with both plasmids gave rise to blue colonies when
streaked on X-gal plates (Table 1). The same result was
observed with a TolB–AD and a T(E9)–BD construct, but
not when a TolB–BD construct was co-transformed with
an empty AD vector. A positive yeast two-hybrid interac-
tion was also observed between TolB and the N-terminal
450 residues of colicin E9, which therefore contain both
the T and the R domains. This indicates that the interac-
tion of the T domain with TolB is not affected by the
presence of the R domain in the fusion protein. Kinetic
assays with purified proteins will be needed to accurately
determine the equilibrium dissociation constant (Kd) for
the interaction between these proteins, but it has been
estimated that a Kd of < 1 µM is required for a detectable
interaction in the yeast two-hybrid system [22]. 
Mutations in T(E9) that affect its interaction with TolB
In order to confirm that the TolB box located in T(E9)
was responsible for the protein–protein interaction with
TolB we tested the effect of the alanine mutations of each
residue in the TolB box (DGSGW), which we had made
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previously [12], on the protein–protein interaction
between T(E9) and TolB in the yeast two-hybrid system.
The results clearly show that the three alanine mutations
that abolished the biological activity of colicin E9 also
abolished the interaction with TolB, whereas mutation of
the two glycine residues had no effect on biological activ-
ity or on the interaction with TolB (Table 1). These
results confirm that the pentapeptide DGSGW constitutes
a TolB box, and not a TolA box. Deletion of residues
54–164 or 100–164 of the T+R(E9) construct fused to BD
had no affect on the protein–protein interaction with
TolB. This result strongly suggests that the sole region of
T(E9) that interacts with TolB is located in the N-termi-
nal 53 amino acids, which include the ‘TolB box’ pen-
tapeptide (Figure 1). Recently it was shown from analysis
of nuclear magnetic resonance (NMR) spectra that the T
domain of colicin E9 is flexible and lacks a significant
amount of regular secondary structure (GR Moore, per-
sonal communication). It will be of interest to determine
how an unstructured T domain containing a TolB box
pentapeptide is specifically recognised by TolB.
Deletions in TolB that affect its interaction with T(E9)
We attempted to localize the region of TolB that interacts
with T(E9) by constructing N-terminal and C-terminal
deletions of the tolB gene in the BD vector. The precise
location of the deletions was chosen, in the absence of the
structural information subsequently available, in order to
divide the protein into four similarly sized regions. The
results of yeast two-hybrid experiments using these con-
structs showed that deletion of the first 119 residues of
TolB had no affect on its interaction with T(E9); however,
deletion of the N-terminal 203 residues abolished the
protein–protein interaction (Table 2). Similarly, deletion
of the C-terminal residues 205–431 or 304–431 abolished
the protein–protein interaction. This clearly shows that
the region of TolB that interacts with T(E9) is located
between residues 119 and 431. The tolB2 (H147D)
mutant of E. coli results in a significant reduction in sensi-
tivity to the enzymatic E colicins (tolerance) [23], in con-
trast to mutations in the BtuB receptor that lead to high
level resistance to all E colicins. We used this cloned
mutant gene to construct a fusion between the TolB2
protein lacking the N-terminal signal sequence and BD of
Gal4. When yeast cells were co-transformed with the
resulting plasmid and the T(E9)–AD construct, there was
no effect of the H147D tolB2 mutation on the
protein–protein interaction between these two proteins
(Table 2). This result indicates that the colicin tolerance
of the tolB2 mutation is not the result of a reduced interac-
tion with T(E9). 
TolB is a WD-repeat protein
By sequence homology, TolB is a member of a large family
of proteins (> 2000) that contain between four and ten
repeats that often contain a conserved tryptophan–aspar-
tate (WD) dyad, which are known as WD repeats [24].
Such WD repeats are present in eucaryotic proteins
involved in a wide range of cellular functions, including
signal transduction, transcription, splicing, cytoskeletal
organisation and vesicular fusion [25]. The crystal struc-
ture of a small number of WD-repeat proteins have been
determined and have revealed the presence of a β-pro-
peller domain in which each repeat represents a single
blade and is folded into a four-stranded antiparallel twisted
β sheet. Few procaryotic proteins that contain WD repeats
have been identified. They include a serine/threonine
protein kinase PkwA from Thermomonospora curvata, the
HatA and HatR proteins from Synechocystis sp. PCC6803,
and the prolyl oligopeptidase homologue from Bacillus sub-
tilis [24]. In a PSI-BLAST [26] search of the nonredundant
GenBank database using the TolB protein sequence we
identified these sequences and also identified homology to
the procaryotic proteins X-Pro dipeptidyl-peptidase from
Xanthomonas maltophilia, oligogalacturonide lyase from
Erwinia caratovera, f416 from E. coli and orf c06024 (open
reading frame c06024) of the archaebacteria Sulfolobus sol-
fataricus. A reciprocal PSI-BLAST search using each of the
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Table 1
Protein–protein interactions between T(E9) and TolB.
BD clone AD clone Colony colour
TolB T(E9) Blue
T(E9) TolB Blue
TolB – White
TolB T+R(E9) Blue
T(E9–D35A) TolB White
T(E9–G36A) TolB Blue
T(E9–S37A) TolB White
T(E9–G38A) TolB Blue
T(E9–W39A) TolB White
T+R(E9) TolB Blue
T+R(E9) ∆54–164* TolB Blue
T+R(E9) ∆100–164 TolB Blue
*T+R(E9) ∆54–164 indicates that residues 54–164 have been
deleted from the 450-residue T+R–BD construct.
Figure 1
Sequence alignment of the translocation
domains of the tol-dependent enzymatic E
colicins. The N-terminal 53 residues of the
protein sequences of the colicins are aligned,
with the residues of the TolB box shown in red.
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above protein sequences identified a significant homology
to TolB proteins in all cases. Until now no structural infor-
mation was available for any of the procaryotic WD repeat
proteins, although it was recently suggested, from
sequence-homology data, that the C terminus of TolB
(residues 165–431) might contain a β-propeller domain
[24]. Methylamine dehydrogenase from Paracoccus denitrif-
icans and cytochrome cd1 from Thiosphaera pantotropha
were not found in a PSI-BLAST search using the TolB
sequence, but they have also been shown to contain β-pro-
peller domains [27,28].
Crystal structure of TolB
In order to develop a rapid purification system for TolB
we introduced an NcoI site at base pair 70 (bp 70) and an
XhoI site to replace the stop codon of the tolB gene using
the polymerase chain reaction (PCR). The resulting
NcoI–XhoI fragment was subcloned into the expression
vector pET21d, resulting in pRJ379 which encodes a 416-
residue TolB protein lacking the N-terminal 23 signal
sequence residues but having two additional C-terminal
residues (leucine, glutamate) introduced by the XhoI site
and a hexahistidine tag to facilitate purification of TolB
(residues 24–439) by metal-chelate chromatography from
the cytoplasm of induced E. coli BL21 (DE3) cells. We
had shown, by complementation of an E. coli tolB2
mutant, that the presence of the additional eight C-termi-
nal residues did not effect the biological activity of the
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Table 2
Deletions/mutations in TolB that affect the protein–protein
interactions with T(E9).
BD clone AD clone Colony colour
TolB T(E9) Blue
TolB ∆1–119* T(E9) Blue
TolB ∆1–203 T(E9) White
TolB ∆205–431 T(E9) White
TolB ∆304–431 T(E9) White
TolB2† T(E9) Blue
TolB2 T+R(E9) Blue
*TolB ∆1–119 indicates that residues 1–119 of TolB have been
deleted from the TolB–BD fusion construct. †The TolB2 construct
contains the H147D mutation found in the tolB2 mutation of E. coli.
Table 3
Crystallographic statistics of the TolB structure.
λ1 = 1.387 Å λ2 = 1.07 Å λ3 = 1.386 Å λ4 = 0.91 Å
Resolution (Å) 2.6 2.6 2.6 2.0
Completeness (%) 98.6 (98.0) 98.9 (98.5) 94.0 (93.0) 98.4 (97.4)
Anomalous completeness (%) 94.6 (93.0) 95.7 (94.8) 85.2 (83.0) 98.2 (97.5)
Rsym* (%) 6.6 (18.2) 5.4 (16.1) 6.3 (17.0) 5.2 (17.6)
<I/σ(I) > 21.9 (7.9) 24.3 (9.5) 18.2 (7.1) 23.5 (7.0)
Overall B factor (Å2) 23.1 23.3 23.3 18.7
Anomalous multiplicity 2.0 (1.9) 1.8 (1.6) 1.9 (1.7) 1.9 (1.8)
Phasing power
Acentrics† 2.05/3.00 1.14/2.33 2.08/2.18 –/2.95
Centrics 1.13 0.69 1.25 –
RCullis‡ 0.71/0.63 0.81/0.78 0.70/0.80 –0.65
Refinement statistics
Resolution range (Å) 20–2.0
Rcryst§# (%) 23.4 (23.5)
Rfree§# (%) 27.1 (27.3)
Rmsds
Bonds (Å) 0.012
Angles (°) 1.72
Dihedrals (Å) 17.1
Planarity of peptide groups (Å) 0.004
Planarity of aromatic groups (Å) 0.02
B values (mainchain atoms) (Å) 27.9
B values (sidechain atoms) (Å) 29.1
Figures in parentheses refer to data in the highest resolution bin (but
see#). *Rsym = Σ Σ  I i – 〈I〉/Σ I i, where 〈I〉 is the average of
symmetry-equivalent reflections and the summation extends over all
observations for all unique reflections. †Phasing power for acentric
reflections at each wavelength is presented for isomorphous and then
anomalous differences. The reference wavelength for phasing
purposes was λ4. ‡The Cullis R factor is defined as
Σ [ FH –( FPH – FP )/Σ (FPH – FP )], where FH represents
the calculated heavy-atom structure factor. Figures for acentric
reflections only. §Rcryst = Σ Fo–Fc/ΣFo, where Fo and Fc are
the observed and calculated structure factors, respectively, and the
summation extends over all unique reflections in the quoted resolution
range for which F > 2.0 σ(F) (i.e. the working set comprised 92.3% of
unique reflections). For Rfree the summation extends over a subset
(5%) of reflections excluded from all stages of refinement. #Figures in
parentheses for Rcryst and Rfree refer to these quantities calculated
using all available data (resolution range 20–2.0 Å).
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full-size TolB protein in vivo (data not shown). Crystals
that diffracted to 2.0 Å resolution were prepared of the
fusion protein. A ytterbium derivative was prepared and
the structure was solved by Yb-MAD (ytterbium multi-
wavelength anomalous dispersion) methods (Table 3).
The refined structure contains residues 35–431 of TolB
and 230 water molecules (Figure 2). The N-terminal 11
residues of TolB and the C-terminal histidine-tag residues
are disordered and are not visible in the maps. The overall
fold of the protein comprises a 131-residue N-terminal
domain (residues 35–165) consisting of a five-stranded
mixed β sheet that sandwiches two major α helices against
a C-terminal six-bladed β-propeller domain (residues
166–431). The ytterbium-binding site lies in the central
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Figure 2
Crystal structure of TolB at 2.0 Å resolution.
(a) Stereoview of the electron density for a
blade from the β-propeller domain (residues
202–242) contoured at 1.1σ. (b) Stereo
diagram showing a Cα trace of TolB, with
every tenth residue labelled. (c) Overview of
the TolB structure in which the α helices are
coloured red and the β sheets are coloured
green. A number of short helical segments in
the loops connecting β strands of the
C-terminal domain are also coloured red. The
positions of residue His147 (which is mutated
to aspartate in the tolB2 mutant of E. coli and
leads to significantly reduced sensitivity to the
enzymatic E colicins) and Asp189 are
indicated. Asp62, the other residue which ion-
pairs with His147, is obscured in this view.
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channel of the β-propeller domain, with ligands to the lan-
thanide ion provided by the sidechain of Asp337 and four
closely bound water molecules. 
Searches of the Protein Data Bank (PDB) using DALI
[29] for three-dimensional (3D) structural homology with
the refined TolB structure revealed alignments between
the N-terminal domain of TolB and a large number of
similar motifs in proteins of known structure. The most
significant alignment was with porphobilinogen deami-
nase [30] (entry 1PDA) with a Z score of 6.1. The root
mean square deviation (rmsd) for this alignment was 2.8 Å
and encompassed 60% of the residues of the TolB
domain. As expected, significant structural homology was
detected between the blades of the C-terminal β-pro-
peller domain of TolB and blades from the β-propeller
domains of a number of proteins in the databank. For
example, in a pairwise structural alignment with the
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Figure 3
Topology and internal structural homology of
the β-propeller domain. (a) Closing the circle
of β-propeller blades. A view down the central
barrel of the β-propeller domain of TolB where
each of the six repeated sequence motifs of
the amino acid sequence that fold to give the
β-propeller structure is shown in a different
colour (1, purple; 2, yellow; 3, red; 4, royal
blue; 5, gold; and 6, green). This view
demonstrates the mechanism of propeller
closure in TolB where the C-terminal β strand
from the final sequence motif forms the inner
β strand of the four-stranded sheet that forms
blade 1. (b) An alignment of the six sequence
repeats (motifs 1–6) that form the β-propeller
domain of the TolB protein. The starting
residue number of each motif is indicated.
Residues that form β strands are enclosed in
boxes. (c) Orthogonal views of a
superposition of the six blades of the TolB
propeller domain. The colouring of residues in
each of the six sequence motifs is the same
as in (a) and the nomenclature for the strands
follows that in (b).
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six-bladed β-propeller domain of neuraminidase [31]
(entry 1EUT) the rmsd was 2.9 Å for an alignment
encompassing 85% of residues 166–431 of TolB. The Z
score for this alignment was 18.3. 
The β-propeller domain
Each blade of the propeller consists of twisted β sheets
that are radially arranged around a central tunnel. The
inner β strand of blade 1 is made up of the C-terminal
residues 422–428, whereas β strand 2 of this blade consists
of the N-terminal residues of the β-propeller domain
(residues 167–174; Figure 3). The mechanism by which
β-propeller proteins close the circle between the first and
last blades (velcro) varies in the β-propeller structures that
are known. In a group of seven-bladed β-propeller pro-
teins that includes the G-protein β subunit, galactose
oxidase and the yPrp4 protein, the N-terminal residues
constitute the outer β sheet of blade 7 [27]. In contrast,
the seven-bladed methylamine dehydrogenase [28] and
the five-bladed tachylectin-2 protein [32] use the same
circle-closing arrangement as TolB. It is of interest to
compare the individual blades of the propeller domain.
Pairwise superimposition of blades 2–6 of the propeller
domain with first blade reveal that low sequence identity
within the 44 amino acids of the repeat motif does not
result in significant structural divergence and the blades
can be superimposed with an average rmsd of 1.09 Å cal-
culated over all aligned Cα positions (Table 4).
Our yeast two-hybrid results clearly show that the
protein–protein interaction between the N-terminal
translocation domain of colicin E9 and TolB is essential
for the cytotoxicity of the enzymatic E colicin. Three of
the five residues of the TolB box of colicin E9 are critical
in the protein–protein interaction. Much less is known of
the essential region(s) of TolB, except that the N-termi-
nal 119 residues are not required and that the H147D
mutation does not abolish the interaction, even though
this mutation confers tolerance to E colicins on host E. coli
cells. His147 lies on the C-terminal helix of the N-termi-
nal domain of TolB and forms both intradomain and inter-
domain ion-pairing interactions (with residues Asp62 and
Asp189, respectively; Figure 2). 
As we had shown that residues 1–203 of TolB, which
contain all of the N-terminal domain and only a small part of
the β propeller, did not interact with T(E9) in the yeast two-
hybrid experiments (Table 1), it is reasonable to assume
that T(E9) interacts with the β-propeller domain of TolB.
As single mutations in the TolB box of T(E9) abolish the
interaction with TolB, it is likely that similar mutations will
be located in the β-propeller domain of TolB which affect
its interaction with T(E9). It is our aim to isolate further
mutants in the tolB gene that affect the interaction between
TolB and T(E9) and then to map them on the structure of
the TolB–T(E9) complex when it is determined. 
All β-propeller proteins use their central tunnel or the
entrance to the tunnel to coordinate a ligand or to carry
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Table 4
Comparison of TolB propeller blades.
Blade Residues Matched Identity (%) Match rate (%) Rmsd (Å)
2 204–242 30 33.3 68 0.76
3 246–286 32 28.1 73 1.05
4 290–330 29 13.8 66 1.09
5 334–374 33 15.2 75 1.21
6 377–418 33 15.2 75 1.35
The coordinates of residues of TolB (less those in connecting loops)
comprising each of the propeller blades 2–6 were compared with
those of blade 1 (residues 166–200 and 421–429) using TOP [51].
The number of residues matched in the structural alignment is reported
with the percentage of these having the same identity in both blades.
The match rate reflects the percentage of residues that are structurally
aligned. The rmsd is calculated over matched Cα atoms.
Figure 4
Van der Waals molecular surface of TolB
colour coded according to electrostatic
potential, where blue and red areas represent
positively and negatively charged regions,
respectively. The two views are from opposite
ends of the β propeller and show the acidic
nature of the channel. 
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out some catalytic function that has to be preserved by
the structural rigidity of the propellers [27]. For example,
the central tunnel of prolyl oligopeptidase allows access
of oligopeptides of up to 30 amino acids to the active site,
which is hidden in a large cavity at the interface of the
catalytic and β-propeller domains. In contrast, analysis of
mutations in the β-propeller protein yPrp4 that abolish its
protein–protein interaction with yPrp3 show that they are
localized in loops of the wide surface of the torus [33].
Similarly, activation of phospholipase Cβ2 or adenyl
cyclase by G proteins involves different residues in the
outer sheets of the blades of the β propeller of the G
protein [34]. It will be of interest to see how the T
domain of colicin E9 interacts with residues of TolB
when the structure of the complex is determined. Inter-
estingly, when an electrostatic-potential-coded van der
Waals surface is calculated for TolB it clearly reveals the
central channel of the β-propeller domain to be highly
acidic (Figure 4). A similar analysis of the β-propeller
domains in protein structures available in the PDB reveal
this observation to be qualitatively unique to TolB. In
retrospect then, the tight binding of a lanthanide ion in
this channel is not so surprising. However, the relevance
of this charge distribution (if any) to the function of the
protein is not so clear. Certainly, without significant per-
turbation to what seems to be a rather rigid propeller
structure, the channel is of insufficient diameter to
accommodate the passage of any species larger than a sol-
vated ion; the maximum diameter of the channel shrinks
to only 1.5 Å when a solvent-accessible molecular surface
is calculated (data not shown). 
Biological implications
In contrast to the ton-dependent translocation system,
which has a role in the energy-dependent uptake of
ligands like vitamin B12 and iron siderophores [35], the
normal role of the tol-dependent translocation system in
Escherichia coli is not clear. The diversity of phenotypes of
tol–pal mutants of E. coli suggests a role for the Tol–Pal
proteins in maintaining cell-envelope integrity [36]. The
recent finding that TolA and TolB interact with porins in
vitro has suggested a possible role in the integration of
porin proteins in the E. coli outer membrane [37], which is
consistent with the localization of Tol proteins in contact
sites between the cytoplasmic and outer membranes of E.
coli cells [38]. The precise function of the Tol proteins in
these processes remains to be determined, as does the
mechanism by which E colicins have parasitized this
system to facilitate cell killing. Our results indicate that
the protein–protein interaction between the TolB box in
the T domain of colicin E9 and the β-propeller domain of
TolB is important in the translocation of E colicins. The
phenotype of the H147D mutation also perhaps indicates
a direct role for the N-terminal domain of TolB in the
translocation of E colicins, possibly via its interaction with
the outer-membrane proteins Pal, Lpp and OmpA [10]. 
It is intriguing that the Sec13 protein is amongst the
WD-repeat proteins to which TolB shows homology;
this protein is involved in the vesicular trafficking of pro-
teins in yeast and nuclear-pore biogenesis in humans
[39]. In addition, the G-protein β subunit is the only β-
propeller structure known not to be part of a secreted
protein [27]. It is tempting to speculate that the β-pro-
peller structure has properties that make it particularly
suitable for a role in protein trafficking, or, that in
exported proteins like TolB, perhaps the β-propeller
structure can accurately refold after crossing a mem-
brane to produce a rigid structure capable of an enzy-
matic activity or a specific protein–protein interaction.
Materials and methods
Yeast two-hybrid experiments
The yeast two-hybrid vectors pAS2-1 and pACT2 were purchased from
Clontech, UK. The construction of Gal4 fusion clones using these
vectors and transformation of the resulting clones into S. cerevisae strain
Y187 were as described in the manufacturer’s instruction manual.
Fusions of polypeptides with the Gal4 BD domain were usually con-
structed by introducing an NdeI site at the 5′ end and an XhoI site at the
3′ end of the fusion fragment and subsequent ligation of the fragment
into the pAS2-1 plasmid. Fusions of polypeptides with the Gal4 AD
domain were usually constructed by introducing an NcoI site at the
5′ end and an XhoI site at the 3′ end of the fusion fragment and subse-
quent ligation of the fragment into the pACT2 plasmid. Qualitative
β-galactosidase assays were performed by streaking test yeast colonies
onto SD-Leu-Trp (SD, synthetic dropout media; Clontech) plates contain-
ing X-gal (80 µg ml–1) and one tenth of the volume of 10 × BU salts (70 g
Na2HPO4⋅7H20, 30 g NaH2P04 per litre of H2O, adjusted to pH 7.0). 
Structure determination
C-terminally histidine-tagged TolB lacking the 23 amino acid signal
sequence (residues 24–439) was produced by overexpression in
E. coli BL21(DE3). The protein was purified by conventional metal-
chelate chromatography and concentrated to 5 mg/ml in 10 mM
Tris.HCl at pH 7.5. Large, single crystals of typical dimensions
250 × 150 × 10 µm3 grew after 24–72 h from solutions containing
18% (w/v) polyethylene glycol (PEG) of average molecular weight 8K
and 100 mM MES pH 6.5 at 18°C. These crystals could be cryopro-
tected by transferring them to crystallization solution containing 25%
(v/v) ethyene glycol. The space group was P21 with apparent cell para-
meters a = 63.6 Å, b = 40.2 Å, c = 77.7 Å, β = 110.2° containing a
single molecule of TolB in the asymmetric unit. The crystallization con-
ditions and cell parameters are similar to those previously reported
[40]. Preliminary attempts to solve the structure of TolB using the multi-
ple isomorphous replacement method revealed only a single useful
derivative prepared by soaking crystals in 22 mM ytterbium trichloride
for at least 1 h at 20°C prior to cryoprotection. It was therefore decided
to attempt to solve the structure by Yb-MAD. X-ray diffraction data
were collected from a single crystal derivitized with ytterbium at three
wavelengths (λ1–λ3) around the ytterbium LIII edge on station X31 at
DESY, Hamburg, and processed using DENZO [41] to 2.6 Å resolu-
tion. All data collection was performed at 100K. The crystal was
retrieved and transferred to station X11 at DESY where a further high-
energy remote dataset was collected at an X-ray wavelength of 0.91 Å,
which was processed to 2.0 Å resolution (λ4). The position of the
single ytterbium ion in the asymmetric unit was straightforwardly deter-
mined by inspection of isomorphous and anomalous difference Patter-
son maps of exceptional clarity. Initial phase estimates were obtained
by MAD phasing with the programme SHARP [42] and improved by
solvent flattening using SOLOMON [43] at a nominal solvent content
of 44% using the λ4 data as the reference set. The mean figure of
merit for acentric reflections to 2.6 Å resolution was 0.697 before
64 Structure 2000, Vol 8 No 1
st8106.qxd  02/09/2000  02:03  Page 64
solvent flattening. The initial Fourier map calculated with solvent-flat-
tened MAD phases showed clear and contiguous electron density for
large parts of the molecule and it was possible to completely trace a 
C-terminal β-propeller domain and the two major helices of an N-termi-
nal domain of the protein using O [44]. Following limited positional
refinement using REFMAC [45] the R factor for this model (residues
55–72 and 141–431) for all amplitudes to 2.6 Å resolution had con-
verged to 35.3% (Rfree = 40.2%). After three cycles of phase combina-
tion the model consisted of residues 34–86 and 96–431. Inspection of
difference Fourier maps at this stage showed additional interpretable
electron density in the region of residues 87–95 in the N-terminal
domain and this was duly added to the structural model. For refine-
ment, 5% of the reflections were set aside for calculation of the Rfree
value [46] and maximum likelihood refinement of this partial structure
using REFMAC and with a single overall temperature factor gave a
model with Rcryst = 27.3% (Rfree = 34.7%). 
From this point, refinement of the model consisting of residues 35–431
proceeded with simulated annealing with CNS [47] using all data in the
range 20–2.0 Å resolution. Refinement was interspersed with cycles of
manual rebuilding with reference to σA-weighted difference maps [48].
This process converged to give Rcryst = 26.4% (Rfree = 30.3%) for a
model with individual isotropic temperature factors. At this point water
molecules were added into significant residual electron density using
ARP [49]. A total of 230 water molecules were added to the model
and refinement and adjustment of these was performed until no further
difference density could reasonably be ascribed to water. At this stage
the refinement had converged to give Rcryst = 23.4% (Rfree = 27.1%)
for data in the range 20–2.0 Å resolution with F > 2.0 σ(F) and with
refinement of individual isotropic temperature factors and use of a bulk-
solvent correction. The corresponding values calculated using all data
in the same resolution range are Rcryst = 23.5% and Rfree = 27.3%. We
ascribe the relatively high residual R-factor values of the final model to
our difficulty in accurately modelling diffraction from a ytterbium ion and
the general mobility of the N-terminal domain. This mobility is reflected
in the mean temperature factor for atoms of the N-terminal domain
(34.0 Å2) relative to that of the propeller domain (25.8 Å2). Despite this,
the stereochemistry of the final model is good; when analyzed using
PROCHECK [50] the final structure has 99.2% of residues in the
most-favoured regions of the Ramachandran plot and only three
residues (Ala50, Thr122 and Arg245) are in generously allowed
regions. No residues fall in disallowed regions. In addition, the rmsds of
bond lengths and angles fall within acceptable limits. The average
isotropic temperature factors for mainchain and sidechain atoms of the
model are 27.9 Å2 and 30.3 Å2, respectively. For the water molecules
the corresponding average is 38.0 Å2. Searches for structural homol-
ogy were performed using DALI [29] and structural alignments of the
blades of the β-propeller domain were performed using TOP [51].
Figures were produced using a combination of the programs
MOLSCRIPT [52], Raster3D [53] and SPOCK [54].
Accession numbers
The atomic coordinates for TolB have been deposited in the Protein
Data Bank with accession code 1C5K.
Note added in proof
The structure of TolB has also recently been reported in Abergel, C., Bou-
veret, E., Claverie, J-.M., Brown, K., Rigal, A., Lazdunski, C. and Bénédetti,
H. (1999). Structure of the Escherichia coli TolB protein determined by
MAD methods at 1.95 Å resolution. Structure 7, 1291-1300.
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